The in-vehicle volatile organic compound (VOC) concentrations during commutes have previously been measured in only one single interior sampling location, considering a sample collected in the single interior location as representative of overall VOC concentrations within an automobile. The present study evaluated if the potential differences in VOC concentrations occur in the automobiles' interior during idling and commuting under different driving conditions associated with the use of air cleaning devices (ACDs) and interior fan. The experiments were conducted under the low ventilation condition with the windows and the vent closed and the fan off. The difference of VOC concentrations between passenger side and back seat during idling was small. The variability of VOC concentrations with location inside automobiles while commuting was not significant at p<0.05, regardless of the use of ACDs and/or the interior fan, while inter-vehicle variability was significant at p<0.05. In addition, currently available ACDs equipped with activated carbon filters in Korea were ineffective at removing VOCs from the interior of automobiles. The concentrations of the two lightest ones of the target compounds, benzene and toluene, were significantly higher inside two vehicles than in the roadway air at p<0.05, while the in-vehicle and roadway concentrations of the other target compounds did not differ significantly at p<0.05 for both vehicles. The concentrations of all target VOCs, except benzene, were significantly higher (p<0.05) in the interior of older car than of newer car. Median in-vehicle concentrations of benzene, toluene, ethylbenzene, p-xylene, m-xylene, and o-xylene were 38.3, 107, 9.2, 7.8, 16.9, and 10.7 g/m 3 , respectively.
Introduction
The vehicle cabin has recently been recognized as an important microenvironment that can lead to personal exposure to many volatile organic compounds (VOCs). Most of the VOCs are known or suspected carcinogens (IARC, 1987) , such as benzene, and some are associated with acute effects (Wallace, 1986; U.S. EPA, 1990) . Several studies (Wallace, 1987; SCAQMD, 1989; Chan et al., 1991a; 1991b; Weisel et al., 1992; Lawryk, 1994; Dor et al., 1995) have found that individuals are exposed to elevated levels of 5 to 24 VOCs while commuting as compared to activities in which gasoline is not used. Some of the previous studies reported that in-vehicle concentrations of gasoline-derived VOCs were up to eight times higher than the corresponding ambient air nearby monitoring sites.
The previous travel studies have measured the inautomobile VOC concentrations in only one single sampling location in the automobile's cabin, either on the driver's side (Chan et al., 1991a ) or passenger's side (Weisel et al., 1992; Jo and Choi, 1996; Lawryk and Weisel, 1996) , considering a sample collected in the single interior location as representative of the overall VOC concentrations within an automobile, or on a sampling location not reported. One study (Weisel et al., 1992) collected four sets of idle samples in three locations within the automobiles (driver's side, front passenger's side, and middle of the back seat), with the windows closed and the fan off to minimize turbulence in the automobile's interior. They found that the variability across samples during a single run was small for all nine target VOCs. Furthermore, it can be assumed that the concentration differences between locations will be small when the air turnover rate in the moving vehicle is increased. However, the potential differences in VOC concentrations in the interior of the moving vehicles have not previously been confirmed.
Air cleaning devices (ACDs) for automobiles additionally increase the air turbulence in the interior of vehicles, and the ACDs equipped with activated carbon filters are even expected to reduce VOC levels in vehicle cabins. In Korea, several commercial ACDs have been employed in some automobiles in order to remove an offensive odor and/ or particulate matters from vehicle cabin. Interior fans of automobiles are typically turned on for heating/defrosting of front windows in winter season, and this is also expected to increase the in-vehicle turbulence. The present study evaluated if variations in aromatic VOC concentrations occur in two locations of automobile's cabin (the passenger's side and the back seat) under different driving conditions associated with the use of ACDs and interior fan. It also tested two commercial ACDs equipped with activated carbon filters for in-automobile VOC removal, since their removal efficiency was not previously reported. The study was performed during idling and commuting along an urban (Taegu) route. Taegu is the third-largest city in Korea and has a population of 2.49 million and a population density of 2812/km 2 . Thus, traffic movement is typically slow during rush hours. The target VOCs were known as the markers of vehicle emissions: benzene, toluene, ethylbenzene, o-xylene, m-xylene, and p-xylene.
Experimental methods

Study Design
An idling study and a commuting study were designed to determine the concentrations of VOCs in the passenger side and the back seat (behind the passenger's side) of automobiles under different driving conditions. The idling study included two driving conditions: no use of ACDs with interior fan turned off and use of ACDs with interior fan turned off. The commuting study included the two conditions used for the idling study and a second set of driving conditions, (use of ACDs with interior fan turned on and no use of ACDs with interior fan turned on). The experiments were performed with the windows and vents closed to represent low ventilation condition. The interior fan was turned on medium speed with the blower direction set to the up-down position and the temperature level set to the personal comfort level of the drivers.
The other parameters controlled for the entire experiments include vehicles tested, fuel type and location of ACD in cabin. The two automobiles were chosen to represent newer (less mileage) and older vehicles. They were a 1995 Hyundai Sonata II four-door sedan with 23,125 km mileage and a 1991 Hyundai Elantra four-door sedan with 86,234 km mileage. The two automobiles were employed in the commuting study. Only the newer vehicle was employed in the idling study. The malfunctions of the fuel, engine, and exhaust systems were not indicated by either the test car during the entire experiment. Fuel from a single company (Ssangyong Korean Petroleum Company) was used to avoid any confounding factors that might influence the concentrations of target compounds due to different fuel constitutions. In Ssangyong gasoline, the proportion of aromatic constituents ranges from 30% to 41%: benzene (1.5% to 2.3%), toluene (10% to 13%), xylenes (4% to 6%), and others (14.5% to 19.7%). The ACDs were placed in the middle of the flat board behind the back seat, the typical ACD location for Korean autos.
ACDs
Two commercial ACDs for automobiles in Korea were employed for this study. The two ACDs were equipped with activated carbon filter, denoted ACD-1 and ACD-2, and were purchased from a local retailer (retail price: $120 and $135, respectively). The filters for ACD-1 and ACD-2 consisted of fiber filter media with dimensions 4 cmÂ23 cmÂ3.5 cm and 15 cmÂ23 cmÂ0.6 cm, respectively. According to the ACD manufacturer, the flow rates of the ACD-1 and ACD-2 ranged from 30 to 60 m 3 /h and from 10 to 35 m 3 /h, respectively. The pore sizes of the ACD-1 and ACD-2 were about 1 and 2 mm, respectively, so that an object could easily be seen through the pores. Each ACD was new when tested, and its filters were not preconditioned prior to the study. The two ACDs were employed in the idling study. Only ACD-2 was employed in the commuting study.
Idling Study
The idling study was performed between September 23, 1996 and October 25, 1996 , by simultaneously measuring the concentrations of target VOCs in the passenger side and the back seat of an automobile (Sonata II). An outdoor stadium of Kyungpook National University, which was located approximately 1 km away from a local road, was chosen for the test to minimize any confounding factors from local traffic. The Sonata II was positioned to minimize the possibility of the test car exhaust penetrating the vehicle interior. Prior to the idling experiments, the windows of the automobile were left open for a minimum of 2 h to eliminate any residual interior VOC levels and to allow the engines to cool to the ambient temperature. The windows were then closed and a 30-min in-vehicle air sample was collected prior to starting the engine. A corresponding 30-min vehicle exterior air sample was collected at 20 m upwind of the automobile. The engine was started, and three consecutive 30-min idle samples were collected. If the ACD was used, ACD-1 or ACD-2 was turned on during the third 30-min idling only. This whole procedure was repeated three times for each driving condition.
Commuting Study
Commuting study involved two sampling periods and was performed during the morning (0700±0900) and the evening (0530±0730) rush hours on standard workdays (Monday through Friday) between November 11, 1996 and January 30, 1997. In late fall and early winter, the typical ventilation condition in Korea is low with the windows and vent closed and the fan off, while in the middle of winter, it is also low with the windows and vent closed and the heater and fan on. Hence, in the first period (November 11, 1996 to December 19, 1996 , sampling was conducted under two driving conditions (no use of ACDs with interior fan turned off and use of ACDs with interior fan turned off). Sampling was conducted under other two driving conditions (no use of ACDs with interior fan turned on and use of ACDs with interior fan turned on) between December 23, 1996 and January 30, 1997. The number of commutes by two automobiles for each driving condition is summarized in Table 1 .
The commuting route was a ten-lane main roadway which passed through downtown Taegu and covered 4.3 km of eastern route, 4.0 km of central downtown route, and 3.2 km of western route, with a total distance of 11.5 km. Along this route, there were 20 signalized intersections. The morning commutes originated from the eastern route and the evening commutes from the western route. The vehicle speeds for the morning commutes ranged from 9.3 to 19.7 km/h, with a median speed of 13.7 km/h, while for the evening commutes, ranged from 10.6 to 16.8 km/h, with a median speed of 13.8 km/h. Both the morning and evening commutes were usually done on the same sampling day. For a single morning or evening commute, two automobiles started from the origin simultaneously and arrived at the destination at similar times. During this commute, one roadway air sample and two cabin samples (front passenger's side and back seat) were collected for each automobile. The ACD-2 was alternatively assigned to the test vehicles for the morning and evening commutes.
Sampling and Analysis
Air samples were collected using a constant flow sampling pump connected to an adsorbent tube containing 0.4 g of Tenax-GC. The sampling pump was calibrated prior to and following collection of each sample. No samples departed more than 10% from the initial flow rate during this study. A nominal flow rate was 55 cm 3 /min for in-vehicle air samples and was 150 cm 3 /min for ambient air samples. The ambient roadway air samples were collected by applying the procedure employed by Lawryk and Weisel (1996) . The sample flow rate was determined based on the relative expected concentrations for each experimental condition.
The VOCs collected on the Tenax Traps were measured by applying EPA Method TO-1 (Winberry et al., 1988) . The major components of the analytical system included a thermal desorption system (Tekmar AeroTrap 6000) and gas chromatography (GC, Varian STAR 3400CX). The analysis was usually done within 2 days of collection to minimize the potential artifact reaction of sample collected on the adsorbent. The collected VOCs were thermally desorbed and transferred to the GC. The compounds were separated into fractions by high-resolution capillary column (J&W DB-WAX) and analyzed by a flame ionization detector. The identification of each compound was confirmed by its retention time. Quantification was based on multipoint external standard curves.
A quality control/quality assurance program carried out during this study included laboratory and field blank traps, spiked samples, and duplicate measurements. The performance of the entire analytical system was checked daily by analyzing two blank traps (laboratory and field) and an external standard. Trap contamination was not detected over the entire series of experiments. When the quantitative response differed more than 20% from that predicted by a specified calibration equation, a new calibration equation was determined. Seven sampling traps spiked with 10 ng of VOC standards were used to determine the method detection limits (MDLs) of the system. The MDLs ranged from 0.2 to 1.3 g/m 3 for the target VOCs. Eight and 27 duplicate samples were collected during idling and during commuting studies, respectively, to test the precision of the sampling and analytical techniques. The relative standard deviations (RSDs) for all compounds were less than 20% (Table 2) . 
Results and discussion
In-Vehicle Concentration Prior to and During Idling Three figures (Figures 1, 2, and 3) show the in-vehicle and ambient air VOC concentrations measured prior to and during idling. The concentrations of all target VOCs were elevated in the in-vehicle air samples collected prior to starting the engine as compared to the ambient air samples, indicating that even while the vehicle was not idling, the measured components evaporate from the fuel tank and engine, and penetrate into the interior of vehicles. The invehicle concentrations of all target compounds were slightly higher in air samples collected during the first 30 min (idle) as compared to air samples collected for 30 min prior to starting the engine. This indicates that more of the compounds evaporate from the hot engine and then, penetrate into the interior of vehicles during idling. Furthermore, the in-vehicle concentrations of all target VOCs increased gradually for three consecutive idles for all ACD conditions, indicating that the VOCs accumulate in the cabin as idling time increases.
Concentration Comparison for Two Interior Locations
To evaluate potential differences in VOC concentrations in the automobiles' interior, air samples were collected in the passenger's side and the back seat of automobiles during idling and commuting along an urban route. As shown in Figure 1 , the difference of mean VOC concentrations measured in the two locations during idling was small for all target compounds under the ACD off condition, which was consistent with the result of a previous study (Weisel et al., 1992) . Even when an ACD was turned on, the difference Figure 1 . Mean VOC concentrations measured in ambient air prior to idling, and at two interior locations prior to and during three consecutive 30-min idles with ACD turned off.
was still small (Figures 2, 3) . The concentration differences were less than 20% of the averages, which were within the measurement precision range, with the exceptions of two pairs marked with a star symbol in Figure 3 (which were still less than 25% of the averages). Figure 4 shows mean VOC concentrations obtained in two interior locations of two automobiles while commuting under four different commute conditions. The commutes were done under low ventilation condition with the windows and vent always kept closed. If only one of two concurrent in-vehicle samples was available, it was not included for this study. Slightly higher concentrations of all target compounds were recorded in the passenger's side than in the back seat for the all commute conditions, but these differences were not significant at p<0.05. The concentration variability across samples inside commuting vehicles (less than 8% of the average) was less than that inside idling vehicles (less than 20 to 25%). The decreased concentration difference between the two locations inside moving vehicles would be due to the increased air turnover rate in the moving vehicle. Thus, samples from a single interior location can be considered to represent the concentration of the entire passenger compartment, particularly when the air turnover rate in the moving vehicle is increased.
In-Vehicle and Roadway Air Concentrations
The in-vehicle concentrations obtained by averaging the passenger's side and the back seat concentrations were compared with roadway concentrations. The concentrations of benzene and toluene were significantly higher inside the two vehicles than in the roadway air at p<0.05, while the invehicle and roadway concentrations of the other target compounds did not differ significantly at p<0.05 for both vehicles ( Figure 5) . A possible explanation for benzene and toluene results is that benzene and toluene are two most volatile target compounds and thus, engine running loss would be higher for benzene and toluene as compared to the other target compounds.
The result of this study is not consistent with that of the previous study (Lawryk and Weisel, 1996) . Lawryk and Weisel (1996) reported that the in-vehicle and roadway concentrations for car 1 (the 1988 Chevrolet Celebrity) did not differ significantly at p<0.05 for all target aromatic VOCs, while the concentrations of the all aromatic VOCs were significantly higher (p<0.05) in the interior of car 2 (the 1987 Plymouth Horizon). Although the inlet height of the exterior sampling lines would be an important parameter for the difference of the two studies, the ambient roadway air samples were collected at similar height (approximately 15 cm above the surface of the hood) in the two studies. The inconsistency of the two studies may be explained by malfunctions in the fuel system of car 2 of the previous study, differences in the way fuel are introduced into the engine between the carburetors of two current tested cars and the fuel injection system of car 2 of the previous study, differences in the fuel compositions, difference of vehicle's intake mechanism among the cars and/or differences in wear and tear among the cars.
Interior Concentration Differences Between Two Cars
A newer car and an older car were compared for the invehicle concentrations by averaging the concentrations in the passenger's side and the back seat. While commuting Figure 3 . Mean VOC concentrations measured in ambient air prior to idling, and at two interior locations prior to and during three consecutive 30-min idles with ACD-2 turned on during 3rd idle only. The concentration differences of two pairs, marked with a star symbol, were slightly higher than the measurement precision (20%). along an urban route, the concentrations of all target VOCs, except benzene, were significantly higher (p<0.05) in the interior of the older car (Elantra) than of the newer car (Sonata II) ( Figure 5 ). These concentration differences may be due to the difference in the driving habits of drivers of the two vehicles, such as the habit of keeping inter-vehicle distance while running or idling at traffic lights and/or by the difference of the impact of surrounding vehicles during travels or idling at traffic lights on the interior concentrations of each car. This is supported by the fact that the corresponding roadway concentration differences of the two cars were consistent with the difference of the in-vehicle concentrations between the two cars. Another possible parameter that caused the concentration differences includes the differences of vehicle's intake mechanism and/or differences in wear and tear between the cars.
Effectiveness of ACD
The ACD effectiveness for the VOC removal in the interior of vehicles was tested by comparing the in-vehicle concentrations with the ACD in use to those obtained with no ACD use. The in-vehicle concentrations of all target compounds during commutes were not significantly different between ACD on and ACD off conditions at p<0.05 (Figure 6 ). In addition, the in-vehicle concentrations of all target compounds were slightly higher in the 3rd idle with ACD turned on than in the 2nd idle with ACD turned off (Figures 2 and 3) . Even though this study did not try to examine the parameters that could influence the effectiveness of ACDs, an observation of this study is that the pore sizes of the ACD filters were so large that an object could easily be seen through the pores (1 and 2 mm for ACD-1 and ACD-2, respectively), suspecting the filter's effectiveness for removing VOCs.
Comparison of In-Vehicle VOC Levels with Other Studies Table 3 summarizes the VOC concentrations measured in the interiors of two automobiles while commuting along an urban route. This was obtained using the averages of the passenger's side and the back seat concentrations for a Figure 6 . Mean in-vehicle concentrations and standard error during commutes by both cars under different ACD conditions. single commute of each test car. The most abundant aromatic VOC was toluene, with a mean concentration of 115 g/m 3 . The mean concentration of toluene was above ten times higher than that of ethylbenzene which showed the lowest mean concentration. One important feature of aromatic VOCs measured in this study was the broad range and large coefficient variances (CVs) for their measured concentrations, with above about 50% of CV for all the target compounds. This indicates that there was high interday variance and/or high intervehicle difference of the VOC concentrations during this study. This was consistent with the results of previous studies (Weisel et al., 1992; Lawryk, 1994) .
The in-vehicle concentrations measured in this study were higher than those in the previous study (Jo and Choi, 1996) which was conducted in the same city as this study in winter 1994±1995, for all target compounds except oxylene. For example, the benzene concentration (49.1 g/ m 3 ) of this study was 1.6 times higher than that (30.6 g/m 3 ) of the previous study. The increase of automobiles and gasoline consumption in the study area would be two important factors for the higher in-vehicle concentrations in the present study as compared to the previous study. The number of passenger cars registered in Taegu was 261,145 as of December 31, 1994, while it was 428,237 as of December 31, 1996. The gasoline consumption in Taegu was 445,576 kl in 1994 and 655,348 kl in 1996.
The in-vehicle concentrations measured in this study were comparable with or higher than the previous urban studies abroad. The mean benzene concentration in the present study was comparable with Los Angeles (50.4 g/ m 3 ) (SCAQMD, 1989) and Paris (46.0 g/m 3 ) (Dor et al., 1995) studies, but much higher than Raleigh (11.6 g/m 3 ) (Chan et al., 1991a) , Boston (17.0 g/m 3 ) (Chan et al., 1991b) , and NJ/NY (20.6 g/m 3 ) (Lawryk, 1994) studies. The summed concentration of six aromatic VOCs (benzene, toluene, ethylbenzene, and, o, m, p-xylenes) was as follows: 220 g/m 3 , present study; 171 g/m 3 , NJ/NY study (Lawryk, 1994) ; 125 g/m 3 , Raleigh study (Chan et al., 1991a) ; and 84 g/m 3 , Boston study (Chan et al., 1991b ). These differences would be a reflection of the combined effects of such driving parameters as vehicle type, driving route, driving period, vehicle ventilation, driving speed, and fuel type, and regional environmental conditions such as temperature and dispersion or turbulence variability.
Conclusions
We have determined VOC concentrations in two locations inside commuting and idling vehicles under low ventilation condition with the windows and vent always kept closed and under some conditions associated with the use of ACDs and interior fan. The concentration variability across samples inside automobiles during a single commute or an idle was small for different driving conditions associated with the use of the ACD and fan uses. Thus, a single interior location can be considered representative of the overall VOC concentrations within a running or an idling automobile under the low ventilation condition, regardless of the use of ACDs and/or the interior fan. It is noted that under the low ventilation condition, air turbulence inside automobiles can vary with the automobile type, due to the differences in infiltration rates among automobiles. The degree of in-vehicle air turbulence may influence the uniformity of in-vehicle concentrations. Hence, further study is recommended to confirm our results, and this should be done by using various automobiles.
In addition, two commercial ACDs equipped with activated carbon filters were not effective for the removal of VOCs in the interior of vehicles. Hence, it is suggested that efforts are needed to develop efficient ACDs for VOC removals in order to decrease the in-vehicle exposure to gasoline-derived VOCs. 
